We consider observation of Aharonov-Bohm oscillations in system without disorder based on flow of topologically protected currents in silicene and bilayer graphene gated nanodevices. The chiral channels in these materials are defined by flips of the vertical electric field. The flip confines states at the junction with the direction of the current flow that is determined by the valley. We present an electric field profile that forms a crossed ring channels with four terminals and find that the conductance matrix elements oscillate in the perpendicular magnetic field in spite of the absence of backscattering of the valley protected channels in the system. We propose a four-probe resistance measurement setup and demonstrate that the resistance oscillations have large visibility provided that the system is prepared in such a way that a direct transfer of the valley current between the current probes is forbidden.
I. INTRODUCTION
In graphene [1] nanoribbons with zigzag edges [2] the Fermi wave vectors corresponding to the current flow in one or opposite direction appear near different Dirac points e.g. in opposite valley states [3] [4] [5] . In this sense the flow of current is chiral [6] . The chiral valley current within a quasi one-dimensional channel is protected against backscattering by smooth potential variation. Only potential defects that are short range on the scale of the lattice constant can induce intervalley transition that implies backscattering [3] [4] [5] .
In staggered monolayer graphene [7] , in buckled silicene lattice [8] [9] [10] [11] or other 2D Xene materials [12] [13] [14] , similar chiral channels for the electron flow can be tailored within the interior of the crystal by a symmetry breaking potential along its zero lines [7, 15, 16] . For buckled silicene [8] [9] [10] [11] -a hexagonal crystal with sublattices placed on parallel planes -the symmetry breaking potential is introduced by perpendicular electric field [15, 16] . Similar chiral channels appear in bilayer graphene [17] [18] [19] [20] [21] along the flip of the vertical electric field or in bilayer graphene with a line dislocation [20, 22] or twist of the layers [23, 24] that induces appearance of AB / BA stacking interface. These interfaces in twisted bilayer graphene form a triangular lattice with the direction of the current flow opposite for both the valleys [24, 25] .
Recently, a ring-like system with splittings of the chiral zero-line channels, was proposed for both silicene and bilayer graphene [16] . The electron passage time across this system is a periodic function of the external magnetic field due to the Aharonov-Bohm phase difference accumulated from the vector potential [16] . However, the two-terminal Landauer conductance of these systems is independent of the external magnetic field, since the backscattering is absent due to the valley protection. In order to observe the Aharonov-Bohm oscillations in twoterminal conductance one should rely on atomic-scale dis-order and presence point defects. The point disorder is hard to control and electron interferometers should be difficult to construct in this way.
The message of this paper is that in spite of the absence of backscattering one can design a interferometer device for observation of the Aharonov-Bohm oscillations of conductance for clean chiral channels defined in both silicene and bilayer graphene. We study the chiral current flow in channels formed by the electric potential flip that define 4-terminal crossed-quantum ring in silicene and bilayer graphene. A simulation of two nonequivalent 4-point resistance measurement setups is given. We find a distinct Aharonov-Bohm periodicity in the resistance amplitude that is associated with the interference on 1/4 of the circle area. We discuss the interference paths that stand behind this periodicity.
II. THEORY

A. Silicene
In this work we use the atomistic tight-binding Hamiltionian spanned by p z orbitals [10, 11, 26] 
where n, m stands for the nearest neighbor ions. The c † n (c n ) is the creation (annihilation) operator for an electron on site n, and the hopping parameter t = 1.6 eV [10, 26] . We introduce the magnetic field via the Peierls phase in the hopping elements p nm term, where p nm = e i e ´ rm rn A· dl with vector potential A = (0, Bx, 0). Crystal lattice vectors a 1 = a 1 2 , √ 3 2 , 0 and a 2 = a (1, 0, 0) define positions r A n = n 1 a 1 + n 2 a 2 of the ions of the A subblatice, where the silicene lattice constant a = 3.89 Å, with integers n 1 , n 2 , and the ions of the B sublattice are shifted by the basis vector (0, d, τ ), where d = 2.248 arXiv:1912.05876v1 [cond-mat.mes-hall] 12 Dec 2019 Å is the nearest neighbor in-plane distance and τ = 0.46 Å is the vertical shift between the sublattice planes.
The quantum ring with the chiral channels is formed by the electric field induced by split top and bottom gates ( Fig. 1(a) ). The inversion of the field creates the topologically protected conducting channel. We consider ring of radius R = 100 nm with the center at the origin formed by model potential
where r = x 2 + y 2 is the distance from the origin and the parameter responsible for inversion length λ is set to 4 nm. For symmetric gating the potential on the B sublattice is opposite V B (r) = −V A (r). In the following for the silicene system we use V G = 200 meV. In Fig. 1(b) we plot the direction of the current that are open for the K valley electron flow. The K valley electrons move along the zero line of the potential given by Eq. (2) leaving the region of negative potential on the A sublattice on the left hand-side. Note, that the current injected from terminal zero-line 1 can be directed to either terminal 2 or terminal 4. In terminal 3 there is no K valley state that carries the electron flow up, away from the ring (Fig. 2) . In every channel the direction of the current flow for the K valley is opposite. The wave function of the states confined laterally at the zero line near x = 0 is plotted in Fig. 3(a) ). The confined states correspond to linear bands that appear within the energy gap ( Fig. 3(b) ).
B. Bilayer graphene
For bilayer graphene the inversion-symmetry-breaking potential can be introduced by an electric field perpendicular to the sheet. We consider a bilayer-graphenebased system analogous to the one described in Sec. II A,
Schematic view of a 4-terminal crossing channels defined by flips of the electric potential. Negative potential -VG is shown by red color ("−" symbol) and positive VG by blue color ("+" symbol), with distinction the A (upper) and B (lower) sublattice. Green (orange) arrows indicate the orientation of the K (K) currents in channel that are associated to specific valley marked in band structures for each lead. In the zigzag case -comparing left and right channel -potential at the edge changes its sign and translate flat edge state to the different Fermi level, EF = +VG and EF = −VG, respectively. with the difference that due to the presence of two layers, two topological states occur instead of one as in silicene. We consider the tight-binding Hamiltonian similar as in Eq. (1)
with graphene lattice constant a CC = 1.42 Å, and the parametrization of bilayer with Bernal stacking [27] , where t nm = −3.12 eV for the nearest neighbors within the same layer, and for the interlayer coupling, t nm = −0.377 eV for the A-B dimers, t nm = −0.29 eV for skew hoppings between atoms of the same sublattice, and t nm = 0.12 eV -between atoms of different sublattices.
The model potential in the lower layer is described by a formula analogous as in Eq. (2) , and in the upper layer it has the opposite polarization, but the sign is the same in both sublattices within the same layer. We use λ = 4 nm, R = 100 nm, and V G = 0.1 eV.
C. Landauer approach
Solution of the electron scattering problem is performed in the tight-binding model with wave-function matching (WFM) technique. The details of the method were described in Refs. [28, 29] . The electron transfer probability is calculated as
where t wv ξη denote the probability amplitude for the transfer from incoming mode v in the input lead η to outgoing mode w in the output lead ξ. Thus, the Landauer conductance formula for the transfer from lead η to ξ can be written as
where G 0 = e 2 /h is the flux quantum. We focus our attention on Fermi level E F ∈ {0 : 0.1} eV with spin-degree of freedom so all that assumptions provide G = max(G ξη ) = 2G 0 for silicene, and G = max(G ξη ) = 4G 0 for bilayer graphene.
D. Conductance matrix
The scattering problem for the four-terminal system was solved for each lead as input channel and the results were collected in conductance matrix G with general form
with g ii = j =i G ij . Due to the rotational symmetry (C 4 in terms of channel shape) the conductance matrix G can be put in the form
where coefficients
and B = G − A. Assuming the V 3 = 0 we can truncate 3rd column [30] and calculate resistance matrix R = G −1 that can be written as follows
with matrix determinant W = G(B 2 + A 2 ) that is always positive.
E. 4-point Resistance measurement
We consider two configurations of resistance measurement ( Fig. 4) in the system with varied voltage and current terminals. For the first configuration from Fig. 4 (a) the resistance is calculated as
and for the other [Fig. 4(b) ],
III. RESULTS AND DISCUSSION
A. Silicene
In Fig. 5 (b) and 6(b) we plotted the results for the conductance matrix elements (upper plots) and the resistances R and R (lower plots) for E F = 20 meV and E F = 6.43 meV, respectively. The oscillations of the matrix elements that have nearly maximal amplitude are translated to oscillations of resistance that have high (R) or low (R ) visibility.
The current probe terminals for configuration R correspond to an open direct current path. The R resistance has a constant sign since the numerator in Eq. (12) is always nonnegative AB ≥ 0.
For configuration R the current from terminal 1 can reach the terminal 3 only via the voltage terminals 2 and 4 which absorb the current and send an equal current back in the opposite valley which is necessary to keep the net current at the voltage probes equal to zero. The R resistance changes sign [ Fig. 5(b) and Fig. 6(b) ] as the magnetic field is varied. From Eq. (13) since the determinant W is positive, the sign change needs to be accompanied by the sign change of the difference V 4 − V 2 (or the matrix elements B − A = G 41 − G 14 ). Hence, the changes of sign of R appear when the electron transfer probability from terminal 1 to 4 crosses the electron transfer probability in the opposite direction. The directions become non-equivalent from the point of view of the electron transfer when the external magnetic field is introduced.
The current circulation paths for E F = 20 meV are presented in Fig. 7 . For magnetic fields such that A = B Fig. 5(a) , the current is evenly distributed from terminal 1 to the left and the right leads ( Fig. 7(a,c) ), while for stationary points 0 = ∂A ∂B = ∂B ∂B ( Fig. 7(b,d,e,f) ) one can distinguish current loops around quarters of the ring. Fig. 4(a) and R (case Fig. 4(b) ) in units of von Klitzing constant RK .
By taking the Fourier transform of the resistance R and R (from Fig. 5 (b) and 6(b), respectively) for magnetic field B range from 0 to 40 T we can distinguish 4 characteristic peaks (Fig. 8) spectively. For each period the area Λ can be calculated as Λ = πR 2 , and putting to the Aharanov-Bohm formula for period ∆B = h eΛ we obtain
In our calculations the channel ring has radius equal to R 0 = 100 nm and area Λ 0 = πR 2 0 , hence
is the fraction of ring area responsible for AB interference. Thus, taking {∆B} list from Fourier transform we obtain
for peaks 1 -4 from left to right in Fig. 8, respectively . The most pronounced is the peak first to the left that corresponds to interference paths that encircle a quarter of the ring. In the current distribution paths of Fig. 6 one can indicate the paths that encircle more quarters, but the fundamental period corresponds to 1/4 of the ring. 
IV. BILAYER-GRAPHENE-BASED SYSTEM
For bilayer graphene system the results are qualitatively similar as for silicene, with the difference that for the Fermi energy within the energy gap we have max(G ξη ) = 4G 0 , as the number of topological states is doubled due to two layers. This can be seen in the band structure of the armchair input leads in Fig. 9(d) . For the zigzag leads, Fig. 9(a, b, c) , within the energy gap also the edge states occur that however do not contribute to the inter-lead conductance. G 11 and G 33 is always equal to 2, with the edge modes being completely backscattered, and only the flip-modes leaving the zigzag leads. Fig. 10 shows the current distribution in the bilayer graphene system for E F = 0.05 eV. As in silicene, the the current distribution is asymmetric, and loops around quarters of the ring are more pronounced. The conductances in Fig. 11(a) , and the resistances in Fig. 11 (b) manifest oscillations that are consistent with the silicene system.
In the Fourier transform of the resistances in Fig. 12(a) and (b) we find peaks at the frequencies f B = {12.7, 23.8, 36.4, 49} 1 T associated with the periods (∆B = 2π/f B ) ∆B = {495 mT, 263 mT, 173 mT, 128 mT}, respectively. These correspond roughly to the area of one, two, three or four quarters of the ring, respectively.
V. SUMMARY AND CONCLUSIONS
We have considered Aharonov-Bohm interferometers based on valley protected channels induced by inhomogeneous electric field of a crossed ring profile in silicene and bilayer graphene in clean conditions i.e. without the backscattering due to the intervalley transitions within the ring. We have shown Aharonov-Bohm oscillations of electrical properties of the system in external magnetic field can be observed in spite of the absence of backscattering when a four-probe measurement setups is applied. We found that oscillations of resistance have large visibility for the choice of the terminals as the current probes between which a direct transfer is prohibited due to the orientation of the valley currents in the terminals. The fundamental period of the resistance oscillations corresponds to a quarter of the ring or the smallest loop that a chiral current encircles within the structure. 
